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One i s  justified, perhaps,  i n  s t a t i n g  tha t  important strides have been 

m a d e  i n  t h e  p a s t  f i v e  t o  e i g h t  y e a r s  i n  br inging oxide d i spe r s ion  strengthenec 

a l l o y s  nearer  t o  commercial s t a t u s ;  i n  fact, however, such commercial s t a t u s  

is s t i l l  not  enjoyed i n  a meaningful sense.  To a smaller e x t e n t  there has 

been a better understanding of processing v a r i a b l e s  i n  a l l o y  product ion,  

but  then  only  in the very simple a l l o y  systems, notably i n  those a l l o y s  not  

complexly a l loyed  and not containing chromium i n  amounts capable of 

achieving ox ida t ion  r e s i s t a n c e .  

To an  important degree, one can state tha t  our understanding of the  

mechanisms of s t rengthening  is  s t i l l  inadequate ,  and very l i t t l e  e f f o r t  has 

gone i n t o  s t u d i e s  t o  develop such understanding. 

have been i n  a l l o y  development, perhaps r i g h t l y  s o ,  but no t  t o  such an 

over - r id ing  ex ten t .  Deformation and f r a c t u r e  s t u d i e s  have seen  too l i t t l e  

support .  

s t r e n g t h  over a w i d e  temperature range inc luding  cryogenic temperatures,  

and effects of low temperatures on d u c t i l i t y  r e q u i r e  much more ex tens ive  

study. 

The scramble appears t o  

Evaluat ion of t he  mater ia l  i n  t e r m s  of f a t i g u e  behavior ,  impact 

The purpose of t h i s  chapter i s  t o  examine s o m e  of the progress  which 

has been m a d e  i n  a number of areas, and to  assess the  growth and p o t e n t i a l  

of oxide and o t h e r  hard p a r t i c l e  d i spe r s ion  s t rengthened alloys i n  t h i s  

l i g h t .  

Mechanisms of Strengthening 

1 )  Oxide P a r t i c l e  Size and Shape - T h e ' l i t e r a t u r e  appears t o  suppor t ,  

wi thout  argument, the des i rab i l i ty  of  ob ta in ing  hard p a r t i c l e s  as f i n e  as 
0 

50 t o  100 A ( l Y 2 ) .  The f i n e s t  p a r t i c l e s  measured and r epor t ed  for experi- 

mental  a l l o y s  have been of that  s i z e ( 2 ) .  

d i l u t e  copper-aluminum a l l o y s  by i n t e r n a l  oxidat ion.  

o f  t h o r i a  i n  TD-nickel has a l s o  been r epor t ed  t o  be of t ha t  order o f  

The p a r t i c l e s  w e r e  produced i n  

The p a r t i c l e  s i z e  

magnitude . 
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Mechanical blending,  s e l e c t i v e  oxide reduct ion  i n  an oxide m i x t u r e ,  

and sa l t  decompositions techniqu& have gene ra l ly  been unable t o  produce 

oxide p a r t i c l e s  f i n e r  than  about 200 - 500 A (0.02 - 0.05 micron) on 
0 

average, even though it  i s  d e f i n i t e  that some of t h e  p a r t i c l e s  are f i n e r  

than 0.02 micron. 

Even i n t e r n a l  ox ida t ion  w i l l  not  y i e l d  p a r t i c l e s  much f i n e r  than  0.02 - 
0.05 micron unless  condi t ions  axe ideal and many v a r i a b l e s  are con t ro l l ed :  

i n  p a r t i c u l a r :  

a) the free energy of formation ef the s o l v e n t  (mat r ix)  metal must 

be very l o w  r e l a t i v e  t o  that of the oxidizable s o l u t e  element; thus the  

combination Cu-Be works very much better than Ni-A1 for product ion of 

u l t r a -  f i n e  oxides ; 

b) the s o l u t e  content  m u s t  be l o w ,  u sua l ly  i n  an amount to  y i e l d  less 

than  about 3 volume percent  of oxide; 

c) the d i f f u s i o n  d i s t ance  for oxygen should be s h o r t ;  t h e  smaller 

the  better, even down t o  near micron dimensions; 

d) the s o l u b i l i t y  f o r  oxygen i n  the  so lven t  m e t i 1  must be r e l a t i v e l y  

high. 

Very l i t t l e  i s  known regarding hard p a r t i c l e  shape, and very  l i t t l e  

Where shapes of oxide p a r t i c l e s  has been publ ished on the  s u b j e c t  ( 3 y 4 ) .  

are s i g n i f i c a n t l y  d i f f e r e n t  than equi-axed polygonal o r  s p h e r i c a l ,  com- 

pa r i sons  are not a v a i l a b l e  for t h e  same a l l o y s  and compositions. 

Only i n  the case of z i r con ia  w a s  there an e f f o r t  t o  no te  t h e  r e l a t i v e  

b e n e f i t s  of p a g o n a l  versus  flake p a r t i c l e s .  The polygonal z i r c o n i a  - 
copper a l l o y  had supe r io r  p r o p e r t i e s  t o  t h e  one containing flake z i r c o n i a  ( 3 )  

As of now, i t  is  impossible to predict, for example, w h a t  b e n e f i t s ,  

i f  any, are t o  be der ived  through the use of oxide fibers or f i laments  

(or o t h e r  hard p a r t i c l e  shapes).  There are f requent  i n q u i r i e s  regarding 

the m e r i t s  of whiskers,  fibers, and f i l amen t s  of var ious  length  t o  diameter 
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r a t i o s  as the d i spe r sed  phases i n  metallic ( c r y s t a l l i n e )  matrices. While 

an answer oannot be given without necessary q u a l i f i c a t i o n s ,  it m u l d  appear 

tha t  f o r  a s m a l l  volume content  of the d i s p e r s o i d  (under about 10 percent )  

there is l i t t l e  l ike l ihood  that improvements can be r e a l i z e d  through the  

use of shapes other than  near-polygonal types, given a p a r t i c u l a r  m i n i m u m  

p a r t i c l e  dimension. There w i l l  be further d i scuss ion  of t h i s  b e l o w .  

2) P a r t i c l e  Spacing - The important role of p a r t i c l e  spacing has 

probably enjoyed the m a x i m u m  amount of  unanimity; yet  t h e  agreements are 

more i n  k ind  than  i n  amount and d i r ec t ion .  Bas i ca l ly ,  t w o  measures of 

p a r t i c l e  spacing are being w i d e l y  used, namely, i n t e r p a r t i c l e  spacing and 

mean free path(5) .  Depending on the a l l o y  i n  ques t ion  and i ts  s t r u c t u r a l  

characteristics, i t  has been demonstrated f r equen t ly  t h a t  both measures 

o f t e n  produce u s e f u l  r e l a t i o n s h i p s  with I t  is  un- 

f o r t u n a t e l y  t r u e  that  other s t r u c t u r a l  v a r i a b l e s ,  such as volume content  

of oxide i n  a s i n g l e  a l l o y  series, also relates w e l l  t o  p r o p e r t i e s  (6) ; as 

a r e s u l t  i t  is d i f f i c u l t  t o  eva lua te  the  role of s t r u c t u r e  sharp ly ,  I 

O f  g r e a t  i n t e r e s t  is the role of  volume f r a c t i o n  of  oxide on s t r e n g t h  

va lues  both  a t  l o w  and e l eva ted  temperatures. For d i spe r s ion  s t rengthened 

a l l o y s  s e v e r a l  i n v e s t i g a t o r s  have shown that aolume f r a c t i o n  of the  hard 

phase is an important v a r i a b l e  (2’8). 

on t o t a l l y  d i f f e r e n t  a l l o y s ,  one with bondedtbJ and the o the r  w i t h  unbonded 

hard p a r t i c l e s ( 2 ) ,  comparisons are d i f f i c u l t  and re-inforcement of arguments 

i s  meaningless. It is unfortunate  tha t  the volume content  o f  the hard 

phase w a s  restricted t o  low values i n  these s t u d i e s ,  because i t  is expected 

t h a t  volume f r a c t i o n  might have i t s  g r e a t e s t  meaning a t  higher volume 

c o n t e n t s ,  f o r  example, above 5 t o  10 percent .  

Because these s t u d i e s  w e r e  performed 
t r r \  

As an experimental  technique, i t  is  extremely d i f f i c u l t  t o  m e a s u r e  

the p a r t i c l e  spacing meaningfully. P a r t i c l e s  f i n e r  t han  about 0.05 micron, 
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p a r t i c u l a r l y  when unbonded by the m a t r i x ,  p u l l  ou t  i n  po l i sh ing  and leave 

en larged  holes. V a l u e s  of p a r t i c l e s  spacing are i n s t e a d  obta ined  by in-  

direct means; knowing the  p a r t i c l e  size and volume f r a c t i o n  of oxide phase,  

one assumes a uniform d i s t r i b u t i o n  (which seldom e x i s t s )  and c a l c u l a t e s  an 

average p a r t i c l e  spacing value. C l e a r l y  direct measurements are needed 

before  f u r t h e r  s i g n i f i c a n t  progress  can be made i n  this area. 

3)  S tored  Enerqy of Deformation - The biggest  disagreements,  t h e  

greatest specula t ion ,  and t h e  m o s t  poor ly  def ined  o r  measured q u a n t i t i e s  

are as soc ia t ed  w i t h  t he  amount and r o l e  of  "equivalent  co ld  work9 r e t a i n e d  

by the s t r u c t u r e  as a r e s u l t  of  t h e  work i t  undergoes i n  processing. I n  

e a r l y  developments i n  the f ie ld  t h e  usua l  procedure w a s  t o  depend on an 

oxide content  varying from 5 t o  20 volume percent  and t o  s t r i v e  f o r  ex- 

When 

oxide p a r t i c l e  size and d i s t r i b u t i o n  w e r e  s u i t a b l e ,  very high values of 

t r u s i o n  r a t i o s  of  5 t o  30 i n  terms of reduct ion of area (1 ,3 ,4 ,7 ) .  

creep and rupture  resistance w e r e  achieved; r e c r y s t a l l i z a t i o n  temperatures 

w e r e  very  high (wi th in  a f e w  degrees of the melt ing temperature for alum- 

inum 

room temperature s t r e n g t h  p rope r t i e s  w e r e  only fa i r ,  at best. 

and copper(2) ,  and wi th in  about 100°C i n  the case of n i cke l  ( 10 , 11 , 121 Y 

It has var ious ly  been suggested tha t  there is  bonding between the  oxide 

and the matr ix;  that there are poss ib ly  coherency s t r a i n s  around oxide 

pparticies when they are finer than 100 A; and that t he  s t r e n g t h  is de- 

pendent on t h e  shear r e s i s t a n c e  of the f i n e  hard p a r t i c l e s  (20). 

n 

D i r e c t  

tests of these hypotheses are not e a s y  t o  perform or t o  i n t e r p r e t ,  and 

related i n d i r e c t  data are presented counter t o  these theses. 

It  has been the content ion of the author ,  and h i s  co-workers, t ha t  

t h e  observed s t r e n g t h ,  both at low and high temperatures ,  i s  e s s e n t i a l l y  

the  s t r e n g t h  gained as a r e s u l t  of t h e  co ld  work experienced by the a l l o y  

during process ing  (5 ,9 ,13  , 10,15) 
0 



- 5 -  

Table I ,  f o r  example, shows the effect on room temperature s t r e n g t h  of 

d i l u t e  add i t ions  of aluminum to  copper; i n t e r n a l  ox ida t ion  of the same a l l o y  

but  without cold work; i n t e r n a l  oxidat ion followed by cold work; and i n -  

t e r n a l  ox ida t ion  of  f i n e  powders followed by hot e x t r u s i o n ,  t y p i c a l  of t he  

processing of oxide d i spe r s ion  s t rengthened a l l o y s  ( 2 y  21). These r e s u l t s  

are compared t o  pure annealed copper, and 50 percent  cold worked copper. 

I t  i s  obvious that the d i l u t e  addi t ions  of aluminum i n  so l id  s o l u t i o n ,  and 

i n t e r n a l  ox ida t ion  without cold work, do not  r e s u l t  i n  p r o p e r t i e s  equal 

t o  the s t r e n g t h  p r o p e r t i e s  of cold worked copper. In s t ead ,  50 percent  c o l d  

work i n  copper g ives  about the same s t r e n @ t h  va lues  as c o l d  worked, i n -  

t e r n a l l y  oxidized copper, however the cold work is introduced. It should 

be clear that if  coherency s t r a i n s  were p r e s e n t ,  the  i n t e r n a l l y  oxid ized  

Cu-A1 a l l o y s  w u l d  be v a s t l y  s t ronger  than  they  are. 

TABLE I 
Y i e l d  S t r eng th  a t  80° F o f  Various Copper Alloys 

Composition Condition Y. S .  (0.2%) p s i  Y.S. (O.2%)psi 
after i n t e r n a l  i n t e r n a l  ox ida t ion  
ox ida t  i o n  p lus  cold work 

Pure Cu annealed *+ 7 , 800 - 
Pure Cu 50% cold reduct ion *+ 

Cu-0.22% A l +  wire 30,000 

64,000 

70,000 

Cu-0.44% A l +  w i r e  35,000 70 , 000 

Cu-3.5% A1,0, powder extrusion* - 65,000 

* Cu-0.7V0 A 1  a l l o y  i n  powder form, i n t e r n a l l y  oxidized,  then  extruded 
at 1380°F (75OOC) (2 )  

+ r e fe rence  2 1  

** not i n t e r n a l l y  oxidized 
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The i n t e r e s t i n g  wmrk of Tracey and Worn ( I6)  o f fe red ,  appaxently,  t he  

f i r s t  documented experimental  evidence t h a t  one could j u s t  as r e a d i l y  

in t roduce  t h e  cold w o r k  after hot working t h e  m e t a l - m e t a l  oxide compact. 

Their ex t rus ion  ratios w e r e  l o w ,  r e s u l t i n g  i n  l i t t l e  equivalent  cold work. 

The use of l o w  oxide con ten t ,  with good d i s t r i b u t i o n ,  followed by 

jud ic ious  s e l e c t i o n  of co ld  w o r k  and in te rmedia te  annealing s t e p s ,  y ie lded  

~ a product with improved f o r m a b i l i t y  and f ab r i cab i l i t y .  

Whereas i t  had been p o s s i b l e  t o  achieve 66 percent  cold reduct ion  

w i t h  an aluminum - 7 volume percent A1,0, a l l o y  and 29 percent  wi th  an 

aluminum - 14 volume percent  A1,0, a l l o y  on continuous r o l l i n g ( 9 ) ,  Tracey 

and Work r epor t  a c a p a b i l i t y  t o  achieve g r e a t e r  than 90 percent  cold 

reduct ion  with a 3 vhlume percent  ThO, a l l o y  of  n icke l .  B u f f e r d  ( 17) has 
, r e c e n t l y  ind ica t ed  t h a t  i t  w a s  poss ib le  t o  introduce 8 s t e p s  of 10 - 15 

percent  c o l d  reduct ion  per s t e p  with in te rmedia te  annealing t reatments  

I b e l o w  t h e  r e c r y s t a l l i z a t i o n  temperature o f  t he  a l l o y ;  h i s  a l l o y  w a s  an 

i r o n  - 3 volume percent  TTho, a l l o y ,  extruded i n i t i a l l y  a t  a l o w  ex t rus ion  

I ra t io .  With each s t e p ,  as w a s  the  case wi th  T r a c e y  and Work, there w a s  

an i n c r e a s e  i n  both l o w  and kigh temperature s t r e n g t h ,  accompanied by  a 

s m a l l  i nc rease  i n  d u c t i l i t y .  
I 

Rasmussen and Grant (I5) have r e c e n t l y  proposed a poss ib l e  mechanism 

f o r  t h e  s t rengthening process  during cold work, w i t h  and without i n t e r -  

m e d i a t e  mediate annealing treatments. 

spacing" as a r e s u l t  of thermo-mechanical working. The apparent i n t e r -  

p a r t i c l e  spacing decreases with increas ing  cold work; t he  role of t h e  

in te rmedia te  anneal ing s t e p  is  to  sweep the  d i s l o c a t i o n  i n t o  low angle  

Figure 1 shows the  change i n  " p a r t i c l e  

boundaries ,  permi t t ing  f u r t h e r  cold work with less danger of cracking,  

and w i t h  improved d u c t i l i t y .  
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I 

b 

The r o l e  of the oxide then remains t h a t  of i n h i b i t i n g  g r a i n  boundary 
I 
I 

shear  and migration p l u s  the  pinning o f  d i s l o c a t i o n  tangles .  I n  no way 

I does the  oxide con t r ibu te  d i r e c t l y  t o  t h e  s t r e n g t h  of the a l loy .  

Severa l  a d d i t i o n a l  i t e m s  of research  lend  s t r o n g  support  to  t h i s  

, conclusion. 

Edelson and Baldwin(’’) showed, f o r  a series of composite, s i n t e r e d  

( t o  about 98 percent  dens i ty)  binary composites t ha t  copper w a s  not 

s t rengthened  by second phase p a r t i c l e s  unless  t h e r e  was bonding or wet t ing  

of one phase f o r  t h e  o ther .  Accordingly, A1,0, and chromium, both in -  

s o l u b l e  i n  copper,  did not  i nc rease  t h e  room temperature y i e l d  s t r e n g t h  

f o r  add i t ions  up t o  20 pe rcen t ,  whereas i r o n ,  w h i c h  i s  bonded t o  copper, I 

did r e s u l t  i n  an i n c r e a s e  i n  y i e l d  s t r eng th ,  Even though the p a r t i c l e  

s i z e s  of t h e  excess phases were r e l a t i v e l y  coarse ,  t h e  r e s u l t s  w e r e  un- I 
k 

ambiguous i n  t h e i r  s tory ,  

I Murphy ( I9 )  i n  unpublished work, has shown that when Ni(Ti) s o l i d  

I s o l u t i o n  a l l o y  powders are i n t e r n a l l y  carbur ized  ( ak in  t o  the in t e rna l  

ox ida t ion  of  N i  ( T i )  so l id  s o l u t i o n  a l l o y s  ) ,  f o r  condi t ions  wherein 

the  volume f r a c t i o n  of T i c  phase i n  N i  w a s  approximately equivalent  t o  
r 

I the amount of TiO, i n  N i ,  and the p a r t i c l e  s i z e  of the TiO, w a s  f i n e r  

than  the  T i c ,  the  room temperature s t r e n g t h  p r o p e r t i e s  of the N i - T i c  a l loy  

-.---- WGAC auwat. -’---+ +*-;-- ( ~ W A L G  +b--- t . a ~ u a ~  V I  -4 the xi-TiGz a l l e y  ( ~ ~ Q , Q Q Q  psi >ri-ild strength I 

versus about 70,000). The important d i f f e rence  appears t o  be the  con- 

t r i b u t i o n  of the bonding energy between N i  and T i c  compared t o  the  absence 

of bonding s t r e n g t h  i n  the Ni -T iO,  sys tem.  

While i t  i s  not  poss ib l e  t o  eva lua te  i n  a q u a n t i t a t i v e  way t h e  con- 

t r i b u t i o n  of bonding energy t o  s t r e n g t h ,  either f o r  coherent or  non- 

coherent  s y s t e m s ,  i t  is  clear t h a t  t he  absence of bonding i n  t h e  oxide 

case r e s u l t s  i n  no con t r ibu t ion  t o  s t r e n g t h  a t  l o w e r  temperatures compared 

t o  bonded composite a l loys .  A t  high temperatures the r e s i s t a n c e  t o  recovery 
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and r e c r y s t a l l i z a t i o n  of  the  s t a b l e  oxide d i spe r s ion  s t rengthened  a l l o y s  

r e s u l t s  i n  a r e l a t i v e  s t rengthening a m p a r a  t o  conventional a l loys  where 

s o l u t i o n  and growth of p a r t i c l e s  leads t o  a r a p i d  loss of s t r e n g t h  w h i c h  

l i s  c l e a r l y  observed i n  longer t i m e  tests. 

I A completely unknown e n t i t y  i n  cons idera t ions  of s t r e n g t h  i n  oxide 

or hard p a r t i c l e  d i spe r s ion  s t rengthened a l l o y s  i s  the role of t ex tu re .  
l 

I n  e a r l y  work w i t h  SAP a l l o y s ,  i t  w a s  observed tha t  the  7 percent  A1,0, 

a l l o y  had a m o r e  s t r o n g l y  p re fe r r ed  s t r u c t u r e  than the 14 percent  A1,0, 

I 
I 

a l l o y ( 6 ) ;  f o r  both a l l o y s  the  ex t rus ion  r a t i o  w a s  20 t o  1 or larger. I n  

recent  work on Ni-Mo-ThO, a l l o y s  (I5) conta in ing  7 t o  9 vdlume percent  of 

1 Tho2, w i t h  a high ex t rus ion  ra t io  once more, there w a s  a noted absence of 

l a p r e f e r r e d  o r i e n t a t i o n  of the  s t r u c t u r e .  I n  c o n t r a s t ,  heavy co ld  work of 
I 

hot p re s sed  SAP a l l o y s ,  i n  Russian w o r k  (22), r e s u l t e d  i n  a decided texture 

which w a s  presumed t o  lead t o  an i n c r e a s e  i n  s t r e n g t h  i n  the working dir- 

e c t i o n .  

Using the low oxide content a l l o y s  (about 3%),  Tracey and Worn’s (16) 

r e s u l t s  i n d i c a t e  oxide s t r i n g e r i n g  w i t h  increas ing  co ld  work, and the 

development of a t ex tu re .  TD-nickel, a l s o  seve re ly  co ld  worked after 

I conso l ida t ion  by ex t rus ion ,  shows a decided s t r i n g e r i n g  of  t he  oxide 

p a r t i c l e s  and a tex ture .  Rasmussen and Grant recorded a well-developed 

w i r e  t e x t u r e  after severe  cold work of low oxide content  n i c k e l  - Tic2 

I a l l o y s .  The r o l e  played by the t e x t u r e  and the  s t r i n g e r e d  oxides on 

I 
I p r o p e r t i e s  has not been established. S ince ,  almost without except ion,  

test r e s u l t s  are obta ined  p a r a l l e l  t o  t h e  d i r e c t i o n  of co ld  deformation, 

the  p r o p e r t i e s  i n  t he  o ther  two d i r e c t i o n s  are poorly known. 

is  the  observed i n c r e a s e  i n  d u c t i l i t y  after large amounts of co ld  work 

p l u s  in te rmedia te  temperature annealing(15’16) of low oxide content  a l b y s  

For example, 
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due t o  the p r e f e r r e d  o r i e n t a t i o n  p reva i l i ng  i n  the s t r u c t u r e  or due t o  a 

more e f f i c i e n t  d i s t r i b u t i o n  and rearrangement of d i s loca t ions .  C lea r ly  

the  r o l e  of texture and its effect on p r o p e r t i e s  should  be s t u d i e d  more 

broadly. 

4) A l l b e d  Matrices - I n  very e a r l y  work wi th  a l loyed  SAP materials, 

i t  w a s  i nd ica t ed  that no b e n e f i t s  w e r e  der ived  due t o  a l loy ing .  The a l l o y  

selected f o r  t h e  s tudy  w a s  not only a l loyed  but  w a s  a p r e c i p i t a t i o n  

hardening material. 

the  c l a i m  tha t  a l loyed  SAP o f f e r s  no important advantages; again t h e  

More recent  s t u d i e s  r epor t ed  i n  the  USSR (22) support  

selected a l l o y s  w e r e  complex, commercial compositions s u b j e c t  t o  aging 

effects. 

I n  the  USSR s t u d i e s ,  i t  w a s  observed t h a t  at l o w  temperatures the  

p r o p e r t i e s  w e r e  those  p r imar i ly  a t t r i b u t a b l e  to  t h e  a l loyed  matrix; at 

high temperatures the p rope r t i e s  w e r e  those a t t r i b u t a b l e  t o  the  oxide 

d ispers ion .  Unfortunately,  repea ted  exposures t o  temperature would lead 

t o  overaging of the matrix and p r e c i p i t a t i o n  around oxide p a r t i c l e s  , 
r e s u l t i n g  i n  decreased mechanical p r o p e r t i e s  due t o  a coarsening of the  

i n i t i a l  f i n e  s t r u c t u r e .  

As an a l t e r n a t i v e  t o  this approach, t h e  use of so l id  s o l u t i o n  

s t rengthened  matrices for oxide d i spe r s ion  s t rengthened  a l l o y s  o f f e r s  

clear advantages. duPont r epor t s  an increase of over 50 percent i n  the 

stress f o r  a 100-hour r u p t u r e  life a t  18W°F(23). Rasmussen and G r a n t  

i n  prepar ing  thor ia  d ispers ion  s t rengthened a l l o y s  both of N i  and N i  - 12  

pe rcen t  Mo a l l o y s ,  m a d e  by the same technique,  a l s o  r e p o r t  an improvement 

of  about  50 percent  i n  the stress f o r  a 100-hour rup tu re  l i f e  a t  1800°F 

f o r  t h e  N i  - 12 $3 M o  a l l o y  over pure n i c k e l  (15) 
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C l e a r l y ,  the combination of  major s o l i d  s o l u t i o n  a l loy ing  p l u s  cold 

mrk should t i e ld  improved high s t r e n g t h  p r o p e r t i e s .  A t  l o w  temperatures 

the improved s t r e n g t h  values  due to  s o l i d  s o l u t i o n  s t rengthening  p l u s  cold 

work (70,000 p s i  y i e l d  s t r e n g t h  f o r  N i  - ThO, versus  155,000 p s i  for  

Ni-12M0-rtrC)~)  are respons ib le  for e l imina t ing  one of the m o s t  ob jec t ionable  

f e a t u r e s  of e a r l y  metal-metal oxide a l l o y s ,  namely, the low yield and 

u l t ima te  s t r e n g t h  values associated with t h e  u n a l l o y a  matrix. 

Questions of major importance are concerned with t h e  s p e c i f i c  a l l o y i n g  

elements used t o  s t rengthen  t h e  matrix: 

a )  m u s t  one use s o l u t e  elements w i t h  low free energy of oxide for- 

mation t o  maintain s t a b l e  a l loys?  

b) if i n t e r n a l  ox ida t ion  i s  to  be t h e  means of  in t roducing  t h e  oxide, 

how much and w h i c h  type of s o l u t e  element can be tolerated before  the 

i n t e r n a l  ox ida t ion  process  fails due t o  formation of surface or sub- 

su r face  oxide sk ins  or  coarsening of the  oxide p a r t i c l e s ?  

c )  if s o l u t e  elements w i t h  h igh free energy o f  formation va lues  of 

the oxide  are used, w i l l  the  inadver tan t  r e s u l t a n t  s t a b l e  oxide of t h i s  

element unduly complicate the  making of a stable d i spe r s ion  s t rengthened 

a l l o y  due to  d i f f i c u l t i e s  i n  reducing t h e  oxide? 

Answers t o  ( a )  and (c) are considered i n  t h e  s e c t i o n  below. I n  t h e  

case of (b) , Yamazaki and Grant have shown t h a t  the add i t ion  of n i cke l  t o  

'.opper (10 t o  20 weight percent )  containing about 0.7 percent  aluminum 

-ade i n t e r n a l  ox ida t ion  of the aluminum extremely d i f f i c u l t  (24). 

lecreased the  s o l u b i l i t y  of oxygen i n  copper sha rp ly  and slowed down i t s  

d i f f u s i o n  rate by a l a r g e  margin. 

achieved i n  producing s t rong  Cu-Ni-Al,O, a l l o y s  f o r  high temperature use. 

The A1,0, w a s  r e l a t i v e l y  coarse  and coarsened as a func t ion  of depth of 

pene t r a t ion .  

The n i cke l  

A s  a r e s u l t ,  on ly  fair  success  w a s  
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5) Dispersoids O t h e r  than O f i d e s  - Because of the greater temperature 

s t a b i l i t y  and l o w  s o l u b i l i t y  of oxides, it  is  not  unusual t o  f i n d  that oxides  

have rece ived  t h e  bulk of a t t e n t i o n  among the i n v e s t i g a t o r s  of such  a l loys .  

R w  and Johnstone (25) r epor t  a t i t an ium n i t r i d e  d i spe r s ion  s t r eng th -  

ened c h r o m i u m  m a d e  by melt ing,  w i t h  cons iderable  improvement over pu re  

chromium i n  tests tt  1800°F (7800 p s i  versus  20,000 p s i  for  a 100-hour l ife),  

Murphy prepared Ni-Tic a l loys  by i n t e r n a l l y  carbur iz ing  N i  - 6% T i  

a l l o y s  i n  powder f o r m  and hot extruding the r e s u l t a n t  product (19). 

1500°F, the  stress fo r  a 100-hour l i f e  for t h e  a I b y  w a s  about 10,000 p s i  

compared t o  2000 p s i  for  pure n i cke l ,  a s t rengthening  factor of 5 ,  i n  

s p i t e  of a f a i r l y  coarse and non-uniform T i c  d i spers ion .  The T i c  p a r t i c l e s ,  

cons iderably  f i n e r  than 1 micron, w e r e  observed to  be coarsening s lowly 

after 100 hours a t  1500'F. While the  1500'F p r o p e r t i e s  were on ly  fair, 

the  y i e l d  and u l t imate  t e n s i l e  s t r e n g t h  va lues  a t  room temperature w e r e  

a t t r a c t i v e  values  of about 120,000 and 150,000 p s i ,  r e s p e c t i v e l y ,  combined 

wi th  an  e longat ion  va lue  of 16 percent.  

A t  

As w a s  suggested above, the high values of s t r e n g t h  at  low temperatures 

are a s s o c i a t e d  w i t h  a con t r ibu t ion  Qf bonding energy between the t w o  phases 

of the a l l o y  i n  c o n t r a s t  t o  t he  lack of bond s t r e n g t h  between oxides  and 

the  metallic matrix. 

ana 5,  above, appear a t t r a c t i v e .  Proper ly  a l loyed  matrices of a s o l i d  

s o l u t i o n  na ture  , combined w i t h  carb ides ,  borides , aluminides , and b e r y l l i d e  

d i s p e r s o i d s  may be expected t o  yield use fu l  combinations of  low and high 

temperature  s t r e n g t h  values  with good temperature and t i m e  s t a b i l i t y .  

Cons idera t ions  of p a r t i c l e  s i z e  and volume content  of the hard  p a r t i c l e  

would f o l l o w  experience l a rge ly  gained from oxide d i spe r s ion  s t rengthened 

a l l o y s  . 

Developments involv ing  a spec t s  of both sec t ions  4 
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11. S t r u c t u r e  S t a b i l i t y  

1 )  Oxide Coarsening - That oxides ,  known t o  be inso luble  i n  s p e c i f i c  

metallic matrices, coarsen a t  high temperatures came as a shock t o  those 

who expected unl imited s t r u c t u r a l  s t a b i l i t y  i n  m e t a l - m e t a l  oxide a l l o y s  

Figure 2 shows the decrease i n  room temperature hardness of  a Cu - Si0, 

a l l o y  (prepared by i n t e r n a l  oxidat ion)  as a funct ion  of t h e  one-hour 

annealing A drop i n  hardness i s  observed above about 

7OO0C (1290'F). I n  Figure 3 are electron-micrographs showing the re- 

s u l t a n t  increase  i n  s i z e  of the SiO, ( c r i s t o b a l i t e )  ( 26) 

It has been suggested by s o m e  t h a t  s o l u t i o n  of SiO, takes place ;  

o the r s  have implied t h a t  there is  slow but d e f i n i t e  reduct ion  of SiO, 

by the  copper a t  these high temperatures. If these specula t ions  w e r e  

c o r r e c t ,  i t  would be much harder t o  expla in  the  coarsening of Al,O, i n  

copper,  or Tm, i n  n icke l .  Further, one would have t o  expla in  why copper 

can be melted i n  SiO, or  Al,O, c r u c i b l e s ,  and held f o r  hours m a n y  

hundreds of degrees h o t t e r ,  i n  the l i q u i d  state,  than the observed 

coarsening temperature of  7OO0C (1290°F), without pick-up of s i g n i f i c a n t  

aluminum or  s i l i c o n  by t h e  copper; thermodynamically one cannot expect 

reduct ion  of these oxides by copper, 

If SiO, w a s  so lub le  i n  copper, one would expect t h a t  coarsening of the 

oxide Would be x n t r o l l e d  by d i f fus ion  of the s i l i c o n  o r  oxygen; t he  

heat of a c t i v a t i o n  f o r  the process would be expected t o  be between about 

40,000 and 50,000 c a l o r i e s  per gram atom. Komatsu and Grant m a d e  measure- 

ments of the coarsening of S i O ,  and ca l cu la t ed  a heat of a c t i v a t i o n  value 

f o r  the coarsening process (26) .  When the  SiO, p a r t i c l e  s i z e  w a s  0.5 mic- 

ron ,  AH ( a c t i v a t i o n )  w a s  about 80,000 c a l o r i e s ;  when the  p a r t i c l e  s i z e  

w a s  1.0 micron, AH w a s  more than 100,000 c a l o r i e s .  C l e a r l y  the coarsening 

process  i s  much more d i f f i c u l t  than would be expected i f  d i f fus ion  of 

S i  and 0, w a s  
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the c o n t r o l l i n g  process ,  

d i f f i c u l t  as the SiO, p a r t i c l e  s i z e  increases .  These observa t ions  sug- 

g e s t e d  tha t  the c o n t r o l l i n g  s t e p  i n  oxide coarsening i s  the decomposition 

p res su re  of the SiO, at any temperature. As the  p a r t i c l e s  coarsen,  the 

t o t a l  surface area decreases as t h e  square of the diameters, sha rp ly  de- 

c reas ing  t h e  p o t e n t i a l  for escape of d i s s o c i a t e d  s i l i c o n  and oxygen ions  

t o  e n t e r  i n t o  s o l u t i o n  i n  the copper 

Further,the coarsening process  b e c o m e s  more 

(26) 

I n  c o n t r a s t ,  i f  one considers  a system such as Ti-A1203, i t  w a s  whom 

i n  the au tho r ' s  l abora tory  t h i t  i n  a powder m i x  of t h i s  sort ( t i t an ium 

w a s  in t roduced  as 5 microns t i t an ium hydride,  and A1,03 as 10 volume 

percent  of 0.03 micron gamma alumina) , even at an ex t rus ion  temperature 

as l o w  as 982'C (1800OF) about 80 percent  of the A1203 w a s  reduced. I n  

t h i s  case one accepts  reduct ion  because of  the nea r ly  similar free energ ies  

of formation of t he  r e spec t ive  oxides. 

2)  Phase Transformations - If a phase t ransformation takes p lace  

either i n  the oxide or  matrix phase, the tendency is  t o  change the l e v e l  

of stored energy i n  the system. I n  the  event  that  t h e  t ransformation 

takes p l a c e  i n  the m e t a l ,  r e c r y s t a l l i z a t i o n  occurs and a l l  the s t o r e d  

energy of deformation is l o s t .  This w a s  the case with Fe-A1,0, a l l o y s  

ex t ruded  i n  the high temperature gamma-iron f ie ld  (27) 

If the t ransformation tkices p lace  i n  the o x i d e  phase, & ~ ~ I - i z i x ~  zhazge 

takes p l a c e  w h i c h  may r e s u l t  i n  an inc rease  6r a decrease i n  s i z e ,  bu t  

w i t h  a change i n  the s t r a i n  energy around t h e  p a r t i c l e .  

changes t o  a lpha ,  the stable high  temperature f o r m  a t  temperatures as low 

as 700'C (1290'F) under condi t ions of pressure  and the  presence of non- 

r e f r a c t o r y  oxide impurities (28). There i s  a volume decrease and a loss 

of p r o p e r t i e s .  Fu r the r ,  Predecki and Grant observed that  N i - 2 x 0 ,  a l l o y s  

Gamma Al,O, 
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suffered a sharp  decrease i n  hardness a t  about 1000°C (1820'F) due t o  a 

t ransformation of  ZrO, at  that temperature ( 12) 

The presence of o t h e r  oxides ,  p a r t i c d a r l y  non-refractory oxides , as 
contaminants (Fe 0 NiO,  Cu 0 ) has been observed t o  i n c r e a s e  the  coarsen- 

ing  rate of r e f r a c t o r y  oxides  by decreasing t h e  decomposition temperature of 
x Y' X Y  

the latter (28) 

111. Current  Trends 

I n  l i n e  with observat ions made above , research and development e f f o r t s  

today are concerned with the most r e f r a c t o r y  oxides ,  free of t ransformations 

( T m 2 ,  BeO , M g O ,  CaO) , p l u s  alloyed matrices. Because oxide d i spe r s ion  

s t rengthened al loys show their  best p r o p e r t i e s  at t h e  higher temperatures 

and longer f u p t u r e  t i m e s  ( s e e  F i g u r e  4 (29) ) ,  i t  i s  a l togk the r  too  obvious 

that  ox ida t ion  r e s i s t a n t  a l l o y s  are required.  While coat ings are a pos- 

s i b i l i t y  for new s t ronger  a l l o y s  which may be developed, coat ings have 

not  i n d i c a t e d  any large measure of success  i n  t he  pas t .  

Chromium (above about 20 percent )  and aluminum (above about 7 percent )  

are the  best elements for endowing oxida t ion  r e s i s t ance .  Processing 

methods must be capable of introducing these elements i n  the desired 

amounts without accompanying oxida t ion  because reduct ion  o f  Cr,O, i s  

extremely d i f f i c u l t  and of A1,0, is  impossible;  without damaging the  

a l l o y  s t r u c t u r e .  

w i l l  y i e l d  b e t t e r  r e s u l t s  is pure specula t ion  at  t h i s  t i m e .  

Whether chemical means or the more direct powder approaches 

More complex a l l o y  matrices w i l l  be examined. The presence of  s i g -  

n i f i c a n t  (though s m a l l )  amounts of r e a c t i v e  elements,  such as A1,  T i ,  Z r ,  

B e ,  Mg, Y, Ta, C b ,  S i ,  etc. ,  ) w i l l  in t roduce  problems not unl ike that  

a l r eady  encountered i n  the case of chromium add i t ions ,  but w i l l  a l s o  raise 

the  q u e s t i o n  of subsequent i n t e r a c t i o n  of these r e a c t i v e  elements w i th  
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t h e  r e f r a c t o r y  oxide. 

To ob ta in  o the r  classes of a l l o y s  capable of very high s t r e n g t h  at  

low tempuratures , high s t r e n g t h  p rope r t i e s  at  in te rmedia te  temperatures 

(up t o  1600'F) and fair s t r e n g t h  and s t a b i l i t y  above 1600°F, may demand 

c l o s e r  and m o r e  ex tens ive  s tudy  of d i spe r so ids  o the r  than  t h e  oxides.  
f 

It i s  clear t h a t  ox ides ,  i n  s p i t e  of very high melting po in t s  and 

apparent temperature - t i m e  s t a b i l i t y  i n  bulk form (ceramics) ,  have an 

upper temperature - t i m e  l i m i t  w e l l  below t h e  melting temperature of t h e  

oxide. The matr ix  i s  an important factor i n  determining t h e  oxide sta- 

b i l i t y .  I t  c e r t a i n l y  does not appear now t h a t  long-time s t a b i l i t y  can be 

expected much above about 1500 or 160OoC (2732 t o  2912OF), i f  t h e  m a j o r  

concern i s  high s t r eng th .  A large measure of s t r u c t u r a l  s t a b i l i t y  can be 

expected above these  temperatures,  but s t r e n g t h  b e n e f i t s  w i l l  l a r g e l y  be 

l o s t  i f  t h e  p a r t i c l e  spacing exceed about 1 micron. 

Nevertheless ,  because oxida t ion  r e s i s t a n t  a l l o y s  axe not  now a v a i l a b l e  

(o the r  t han  platinum - ThO,) above about 1800'F (982OC), and convent ional ,  

aged h igh  s t r e n g t h  a l l o y s  are not a v a i l a b l e  i n  Fe,  Co, N i ,  C r  a l l o y s  above 

about 2000°F (1093OC), t h e r e  i s  much room f o r  development and growth. 
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(a)  left ser i e s :  increasing cold work 
(b) r ight  s e r i e s :  increasing co ld  work plus intermefiat@ 

annealing treatments. A t  s tage  F, there i s  an 
additional increment of 20% cold  work over stage E. 
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Figure 2. Decrease in hardness: with annealing time (26) 
from 700° to 1O5O0C: 



Figure 3 Surface rep l i ca  electron micrographs of the Cu - 12 v/o SiO,  
alloy af ter  various heat treatments. Unetched. 500OX. 
( a )  A s  extruded (b)  8OO0C, 5 hrs. (c) 8OO0C, 20 hrs, 
(d) 900°C, 2 hrs. ( e )  900°C, 20 hrs. ( f )  1000°C, 2 hrs. 
(9) 1000°C, 5 hrs. 
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Figure 4. Strengthening factor versus homologous temperature 
for a series of oxide dispersion strengthened 
alloys compared to two conventional wrought alloys. 


